Quantum anomalous Hall (QAH) insulator is the key material to study emergent topological quantum effects, but its ultralow working temperature limits experiments. Here, by first-principles calculations, we find a family of stable two-dimensional (2D) structures generated by lithium decoration of layered iron-based superconductor materials FeX (X = S, Se, Te), and predict room-temperature ferromagnetic semiconductors together with large-gap high-Chern-number QAH insulators in the 2D materials. The extremely robust ferromagnetic order is induced by the electron injection from Li to Fe and stabilized by strong ferromagnetic kinetic exchange in the 2D Fe layer. While in the absence of spin-orbit coupling (SOC), the ferromagnetism polarizes the system into a half Dirac semimetal state protected by mirror symmetry, the SOC effect results in a spontaneous breaking of mirror symmetry and introduces a Dirac mass term, which creates QAH states with sizable gaps (several tens of meV) and multiple chiral edge modes. We also find a 3D QAH insulator phase featured by macroscopic number of chiral conduction channels in bulk LiOH-LiFeX. The findings open new opportunities to realize novel QAH physics and applications at high temperatures.
Quantum anomalous Hall (QAH) insulator is the key material to study emergent topological quantum effects, but its ultralow working temperature limits experiments. Here, by first-principles calculations, we find a family of stable two-dimensional (2D) structures generated by lithium decoration of layered iron-based superconductor materials FeX (X = S, Se, Te), and predict room-temperature ferromagnetic semiconductors together with large-gap high-Chern-number QAH insulators in the 2D materials. The extremely robust ferromagnetic order is induced by the electron injection from Li to Fe and stabilized by strong ferromagnetic kinetic exchange in the 2D Fe layer. While in the absence of spin-orbit coupling (SOC), the ferromagnetism polarizes the system into a half Dirac semimetal state protected by mirror symmetry, the SOC effect results in a spontaneous breaking of mirror symmetry and introduces a Dirac mass term, which creates QAH states with sizable gaps (several tens of meV) and multiple chiral edge modes. We also find a 3D QAH insulator phase featured by macroscopic number of chiral conduction channels in bulk LiOH-LiFeX. The findings open new opportunities to realize novel QAH physics and applications at high temperatures.
Seeking high-temperature quantum anomalous Hall (QAH) insulators is a compelling problem of condensed matter physics and material science [1] [2] [3] . The QAH insulator, also called Chern insulator, is an exotic topological quantum state of matter that distinguishes from a normal insulator by a nonzero quantized Berry phase in the momentum space and can display quantized Hall conductance under zero magnetic field [4] . Significantly distinct from the time-reversal invariant topological insulator (TI) [2, 3] , the QAH state does not require any symmetry protection, and the time reversal symmetry is broken by spontaneous magnetization. Such kind of magnetic topological quantum states provide a fertile playground to explore emergent quantum physics (e.g., topological magnetoelectric effects and Majorana fermions) and promising applications (e.g., low-power electronics and quantum computation) [1] [2] [3] . However, as the QAH effect was only observable at liquid helium temperatures [5] [6] [7] [8] [9] , its experimental observations and practical applications are seriously restricted.
The QAH insulator belongs to a specific type of twodimensional (2D) ferromagnetic (FM) semiconductor, which is featured by a topological energy gap opened by the spin-orbit coupling (SOC). Additionaly, in order to achieve high-temperature QAH state, both the FM coupling and SOC strength must be appreciable. However, high-temperature FM semiconductors are rare in nature [10] and for the 2D intrinsic FM semiconductors fabricated recently [11] , none of them features a nontrivial topology (except for MnBi 2 Te 4 [12] [13] [14] ). Fundamen- tally, the search for high-temperature QAH insulators is challenged by the conflicting material requirements of ferromagnetism and TI: The former prefers metallic systems composed of light 3d elements, while the latter favors heavy elements for achieving strong SOC effects. The problem was partially circumvented by extrinsically introducing magnetic dopants to TI, or constructing magnetic-topological heterostructures [5] [6] [7] [8] [9] [15] [16] [17] , or intercalating magnetic layers into heavy-element materials to realize intrinsic magnetic topological materials as demonstrated in MnBi 2 Te 4 [12, 13] . Nevertheless, the e - FM exchange is rather weak in the existing QAH materials, which is the bottleneck for improving working temperature.
The layered iron-based superconductor (FeSC) materials, such as FeX (X=S, Se, Te) and their derivatives, are of particular interest, as rich topological and magnetic properties have been revealed in this material family, e.g., the coexistence of superconductivity with topology [18] [19] [20] , antiferromagnetism [21] or ferromagnetism [22] . Remarkably, a superconductivityferromagnetism phase transition was observed by injecting massive lithium ions into the layered materials using a state-of-the-art gating technique [23, 24] . Motivated by the research progresses, we try to utilize lithium injection as a new degree of freedom to tune material properties and seek QAH insulators in FeSC materials. In this work, we use first-principles calculations to show that Lidecorated monolayer FeX (X= S, Se, Te) is a potential candidate for room-temperature ferromagnetic semiconductor as well as high-temperature QAH insulator.
The bulk FeX is a van der Waals (vdW) layered material formed by X-Fe-X trilayers stacked along the c axis and monolayer FeX, which is the focus of this work, has a tetragonal lattice in the P 4/nmm space group. The group IA element Li with an ultralow electronegativity easily loses one valence electron and becomes Li + , making it effective in tuning carrier concentrations. We will mainly discuss the case of FeSe as the decoration of Li has similar influence on the material family. Figure 1A displays the potential energy surface of a Li atom on monolayer FeSe. The potential has an "egg-box" like shape, displaying minimums at the hollow sites di-rectly above Se atoms. The hollow sites have a potential energy significantly lower than elsewhere, thus serving as the Li adsorption sites. The more Li atoms added, the more hollow sites occupied. When the "egg-box" is fully occupied by Li adatoms, further adding or removing Li atoms would become energetically unfavorable. Thus, a stable material system is expected to emerge in the full occupation limit. This was verified by ab initio random structure searching [25] (see Methods), which considered 3000 structures and found that almost all of them converged to the same atomic configuration as expected ( Fig.  1B ,C). This 2D structure is composed of a Li-Se-Fe-Se-Li quintuple layer and shares the same space group with monolayer FeSe. Furthermore, our phonon calculations ( Fig. S1 ) and first-principles molecular dynamic simulations ( Fig. S2) show that the structure is dynamically stable and thermally stable above room temperature. We thus conclude that a stoichiometric 2D material LiFeSe is formed by Li decoration of monolayer FeSe.
The magnetic properties of monolayer LiFeSe are significantly changed by Li decoration. We investigated various magnetic configurations ( Fig. S3 ) and found that the magnetic ground state is FM (Table S4) , in contrast to monolayer FeSe which is proposed to have a checkboard antiferromagnetic (AFM) ground state [26] . More importantly, the FM state is much more stable than other magnetic states. For instance, the calculated energy of FM state is about 0.7 eV per Fe atom lower than that of the checkboard AFM state. The energy difference is found to be on the same order for monolayer LiFeS (0.8 eV/Fe) and LiFeTe (0.6 eV/Fe). The magnetic energy difference is huge, one or two orders of magnitude larger than that of the well known 2D FM materials [11] , implying the existence of extremely strong FM exchange coupling here. The magnetocrystalline anisotropy energy (MAE), defined as the total energy difference between in-plane and out-of-plane spin configurations, is calculated to be 0.3, 0.2, -0.7 meV/Fe for LiFeS, LiFeSe and LiFeTe, respectively, while a positive MAE implies an out-of-plane easy axis. Figure 2A displays the electronic structure of monolayer LiFeSe excluding the SOC. The system gives a novel spin polarized state which is a large-gap insulator for spin up and a gapless Dirac semimetal for spin down. This is the so-called 2D half Dirac semimetal state [27] [28] [29] , which is the parent state of QAH insulators.
To reveal the underlying mechanism of ferromagnetism, we first analysed the orbital occupation of Fe atoms. In LiFeSe, four Se atoms around each Fe atom form a distorted edge-sharing tetrahedron ( Fig. 2B ), of which crystal field results in an e g -t 2g orbital splitting of the d orbitals of Fe, the same as in FeSe. The d orbital occupation of Fe atoms, however, is determined by a competition between the crystal field splitting and the Hund's rule interaction. For FeSe, the low-spin e 4 g t 2 2g
state and the high-spin e 3 g t 3 2g state are predicted stable by density functional theory (DFT) and DFT plus dynamical mean-field theory (DFT+DMFT) calculations, respectively [30] , indicating that the two types of orbital occupations are possibly close in energy. In contrast, the situation considerably changes in LiFeSe. Because one more electron is injected by each Li (Fig. 2B) , the Fe atoms are in the high-spin e 4 g t 3 2g state, giving a spin magnetic moment of 3 µ B (Fig. 2C) . The system thus gets strongly spin polarized.
The strong Fe-Fe interaction is crucial for the ultrastable FM state. Because of the short distance between Fe atoms (2.6Å), the Fe-Fe hybridization is strong even for 3d orbitals, which is also demonstrated through the dispersive 3d states (on the order of eV) near the Fermi level ( Fig. 2A ). For the Fe atoms in LiFeSe, the spin up channel is fully occupied and the partially occupied spin down channel is at the Fermi level. As a result, the direct electron hopping is only allowed when the magnetic moment of neighboring Fe atoms are parallelly aligned by the Pauli exclusion principle (Fig. 2D) . Therefore, the particular orbital occupation of Fe 3d orbitals and the short Fe-Fe distance lead to an ultra-stable FM state in LiFeSe through the strong FM kinetic exchange [31, 32] .
In nature, the Fe bulk has a high T C of 1043 K. Freestanding monolayer Fe has recently been experimentally fabricated, which could inherit the superior FM properties of the bulk [33] . Noticeably, the monolayer Fe and monolayer LiFeSe share similar material traits: The Fe atoms are both in the high-spin states with similar spin magnetic moments (3.1 µ B for Fe and 3.0 µ B for LiFeSe), and their Fe layers both crystallize in a square lattice with essentially the same Fe-Fe distance (∼2.6Å). As dis-cussed above, these features are essential to realize strong FM exchange coupling. Therefore, monolayer LiFeSe is expected to display strong ferromagnetism, in analogy to monolayer Fe [33] . Superior to free-standing monolayer Fe that is not stable on its own, the 2D Fe layer embedded in LiFeSe can stably exist and is not easily affected by environment. By using many-body Green's function method with ab initio exchange coupling parameters, the Curie temperature of monolayer LiFeSe is estimated to be about 770 K (Fig. S12 ), much higher than the existing 2D FM materials (Table S8 ). As to be shown below, a band gap will be opened by the SOC in the material. This renders monolayer LiFeSe a candidate of the longsought room-temperature FM semiconductor [10] .
Symmetry plays an important role in topological physics. The key space-group symmetry operations include space inversion P , C 4 rotation, M x and M y mirrors, and glide mirror G z = {M z | 1 2 , 1 2 , 0} (Fig. 1B,C) . The nonsymmorphic symmetry G z ensures that every band is (at least) doubly degenerate along the high-symmetry X-M and Y-M lines in the Brillouin zone and gets split into separated bands elsewhere. This generally introduces inverted band structures. Specifically, let us focus on the two spin-down bands near the Fermi level, mainly contributed by d z 2 and d xy orbitals of Fe, respectively ( Fig.  2A) . Their band order is inverted between Γ and X (or Y), leading to band crossings between valence and conduction bands. The band crossings are protected by M y (M x ), which forbids d z 2 and d xy to hybridize. The crossing points, called Dirac points (DPs), appear at generic k points along the mirror symmetry invariant lines Γ-X and Γ-Y. Actually, there exist two pairs of DPs located at (±k D , 0) and (0, ±k D ), which are named DP ±1 and DP ±2 for simplicity. They are related to each other by P and C 4 .
To describe the low energy physics of Dirac fermions, we derived a two-band effective Hamiltonian by the k · p method: H eff = h 0 (q) + h(q) · σ, where q is referenced to the DP, and the Pauli matrices σ act on the orbital space (see Methods). For DP +1 , h 0 (q) = Cq x , h(q) = (Aq x , Bq y , 0). An extra term h 0 exists due to the low symmetry of the DP. H eff of other DPs (sometimes called valleys) can be obtained by symmetry. In contrast to typical Dirac cones in graphene and TIs, the four Dirac cones in the present system are tilted, anisotropic, and spin polarized (for spin down only) ( Fig. 3C ), which offers a unique platform to investigate the topological valley physics and the QAH physics.
When including the SOC, M x and M y are spontaneously broken by the out-of-plane ferromagnetism. The SOC introduces a Dirac mass term H = M σ z into the effective Hamiltonian, thus opening a Dirac gap (Fig.  3A,C) . We computed the anomalous Hall conductance σ xy as a function of Fermi energy (Fig. 3B ) and the distribution of Berry curvature in the momentum space ( Fig. 3D ). For each gapped Dirac cone, the valence states contribute a quantized Berry phase of π. Multiplying the valley degeneracy of four, a total Berry phase of 4π is obtained, which corresponds to a quantized anomalous Hall conductance σ xy = Ce 2 /h with a high Chern number C = 2. As a hallmark of QAH insulators, two chiral gapless edge modes appear within the bulk gap, as demonstrated by the edge-state calculations (Fig. 3E) . Furthermore, if a magnetic domain wall between opposite magnetizations exists in the material, four chiral conduction channels would be topologically protected to appear along the domain boundary. The high-Chern number states could be used to create exotic elementary excitations [34, 35] .
One prominent feature of this material family is that the QAH gap is sizable (35 meV in LiFeSe), larger than the thermal energy at room temperature. The appearance of large QAH gap is attributed to the facts that the effective SOC strength of d orbitals is enlarged by bonding with heavy elements, and that the SOC effects are significantly enhanced near band crossing points. Benefiting from the strong coupling between magnetic and topological states, the QAH gap is highly tunable by magnetic field. By varying the spin orientation from +z to +x then to −z directions, the band gap monotonically decreases down to zero and then reopens (Fig. 3F ). This is accompanied with a topological quantum phase transition from C = 2 to C = −2. Moreover, for generic in-plane magnetizations that break mirror symmetries like M x,y , the QAH phase with varying Chern number could be possi-bly obtained [36] . Such kind of physical processes can be experimentally realized by applying magnetic fields of a few Tesla.
In addition to LiFeSe, we also studied monolayer LiFeS and LiFeTe, which are stable candidate materials for high-temperature QAH insulators as well (Figs. S6 and S11). Note that monolayer LiFeTe is predicted to have in-plane magnetization, which could natively be a 2D half Dirac semimetal. If the magnetization is modulated along the out-of-plane direction (e.g., by exchange bias, strain, magnetic field, Se/Te alloy, etc.), a QAH insulator with a very large gap (70 meV) could be obtained. Furthermore, we investigated the materials MFeSe (M=H, Na, K) and found similar 2D structures only for NaFeSe and KFeSe. These two materials have electronic and magnetic properties similar as LiFeSe, but become metallic due to the existence of nearly free electron bands at the Fermi level (Fig. S8 ). The structure of H-decorated FeSe is somewhat disordered, possibly due to the small atomic size of H. Therefore, Li is the optimized choice for decorating FeSC materials.
In practice, there exists layered materials composed of FeX and vdW spacer layers, such as LiOH-FeSe [21, 37] . Such kind of vdW materials have broad space for Li diffusion between FeX layers, advantageous for experimentally fabricating 3D structures of LiFeX. Figure 4A displays the atomic structure of 3D LiOH-LiFeSe. Due to the weak vdW coupling between the LiOH and LiFeSe layers, this 3D structure can be viewed as isolated, parallel layers of LiFeSe. This is confirmed by the calculated electronic structure (Fig. 4B) , which displays flat bands along the Γ-Z direction (except for nearly free electron bands). Therefore, the system is formed by stacking 2D QAH insulators together, generating a 3D QAH insulator [38] with a large gap of 33 meV. The novel topological material can not only display strong Berry-phase effects, but also provide macroscopic number of chiral conduction channels, useful for low-power electronics.
It should be remarked that the existence of half Diraclike band structure is ensured by symmetry and insensitive to computational methods, lattice strains or weak structural disorders, despite some quantitative differences in the predicted magnetization energies and band gaps, as systematically checked in Supplementary Materials (Tables S2-S7 and Figs. S4-S7, S9, and S10). Therefore, it is expected that the 2D strong ferromagnetism and large-gap QAH insulator states of LiFeX are robust, insensitive to substrate or environment conditions, and more importantly can sustain at high temperatures.
Finally, we discuss the experimental realization and possible evidences. One may first fabricate thin flakes of FeX, LiOH-FeX or related vdW layered materials by mechanical exfoliation or molecular beam epitaxy, then apply the state-of-the-art gating techniques [23, 24, 39] to inject massive Li ions into thin flakes and meanwhile tune the Fermi level by controlling gating volt- age, and finally perform magnetoelectric transport, X-ray diffraction, angle-resolved photoemission spectroscopy, and other measurements to characterize material properties. In fact, some experiments have been done on (Li,Fe)OH-FeX (X=S, Se) [23, 24] . Upon Li injection, a structural transformation featured by an obvious elongation of c-axis, a superconducting-ferromagnetic insulating transition, and the emergence of ferromagnetism with an out-of-plane easy axis and an extraordinarily high T C ( 175 K) were observed, but the underlying origin and mechanism of ferromagnetism remain mysterious. The key experimental observations can be qualitatively or even quantitatively explained by the first-principles calculation of LiOH-LiFeX, which supports our theoretical proposal.
Finding room-temperature FM semiconductors and seeking high-temperature QAH insulators are among the most challenging problems nowadays, which is of crucial importance to fundamental research and to future development of electronics, spintronics, quantum computation, etc. The strategy to realize high-temperature FM semiconductor and QAH insulator by Li injection is not limited to FeSC materials as we demonstrated here, but generally applicable to other materials, such as nickelbased superconductors. Therefore, one can study the interplay of superconductivity, magnetism and topology in the same material system to explore emergent topological quantum physics. For instance, a natural heterostructure between superconductor and QAH insulator can be fabricated by gate-controlled Li injection, where the chiral topological superconductivity and Majorana fermions could be detected [40, 41] (Fig. 4C,D) . More critically, many novel quantum effects and devices based on the QAH physics have been theoretically proposed but rarely experimentally observed, because the QAH effect was accessible only at liquid helium temperatures. In this sense, the finding of high-temperature QAH materials opens new opportunities to realize novel practical quantum applications. 
Methods
Ab initio Random Structure Searching (AIRSS) [1] was applied to search for stable structures of monolayer LiFeSe. Initial structures were generated from the monolayer FeSe framework, where Fe and Se atoms were permitted to move within 0.2Å around their original positions. Two Li atoms were placed separately on top and bottom of the FeSe layer in the unit cell with random coordinates. The distance between Li and Se atoms along the vertical direction were limited within 1.0Å. 3000 random structures were searched, among which more than 2800 structures were relaxed to the stable LiFeSe structure.
First-principles calculations were performed by density functional theory (DFT) using the Vienna ab initio Simulation Package (VASP) [2] . The plane-wave basis with an energy cutoff of 350 eV was adopted for monolayer LiFeX (X=S, Se, Te) and 800 eV for the three-dimensional (3D) LiOH-LiFeSe bulk structure. The ionic core environment was simulated by the projector augmented wave pseudopotentials [3] . The exchange-correlation functional was approximated by the strongly constrained and appropriately normed (SCAN) meta-generalized-gradient approximation (meta-GGA) functional [4] , which gives an improved description on diversely bonding systems [5, 6] and provides a parameter-free ab initio description of d-electron systems (including cuprate superconductor materials) consistent with experiments [7] . Structural relaxations were performed with a force criterion of 0.001 eV/Å for monolayers and 0.01 eV/Å for bulk structures. For monolayers, a vacuum of 15Å was included to avoid artificial interactions caused by the periodic boundary condition. In self-consistent calculations without the spin-orbit coupling (SOC), the Monkhorst-Pack k-point mesh of 15 × 15 × 1 was adopted for monolayers and 15 × 15 × 5 for bulk structures. The total energy of our self-consistent calculations with collinear magnetization was converged within 10 −6 eV. The magnetocrystalline anisotropy energy was evaluated including the SOC at a denser k-grid of 31×31×1 for monolayers and 21 × 21 × 5 for bulk structures, and the total energy was converged within 2 × 10 −5 eV. Surface state calculations were performed by WannierTools package [8] , based on the tight-binding Hamiltonians constructed from maximally localized Wannier functions.
Furthermore, we performed test calculations using different computational methods to check the reliability of the predicted electronic, magnetic and topological properties. Specifically, we did DFT+U calculations using the Perdew-Burke-Ernzerhof type exchange-correlation functional [9] and tested the influences of the Hubbard U [10] on the partial occupied 3d-orbitals of Fe atom by varying the U value between 0 and 3.5 eV. In addition, we performed DFT calculations with the Heyd-Scuseria-Ernzerhof type (HSE06) hybrid functional [11] by using the all-electron, fullpotential method with "tight" basis sets as implemented in the Fritz Haber Institute ab initio molecular simulations code (FHI-aims) [12, 13] . Since the dynamical mean field theory (DMFT) is a powerful method to study the electronic structure of correlated systems, we also performed combined calculations of DFT+DMFT [14, 15] as implemented in Wien2K [16] . In the DFT-DMFT calculation, the Hubbard U and Hund's rule coupling J were chosen to be 5.0 eV and 0.7 eV for LiFeSe, according to the previous DMFT studies of iron-based superconductors [17, 18] . The electronic charge was computed self-consistently in the DFT+DMFT scheme and the quantum impurity problem was solved by the continuous time quantum Monte Carlo method [19, 20] at room temperature. The test results indicates that the existence of band inversion and nontrivial band topology is insensitive to computational methods.
The dynamical stability of monolayer LiFeX was confirmed by calculating the phonon dispersion, using the frozen phonon method as implemented in the Phonopy package [21] , for which a 4 × 4 × 1 supercell together with a 5 × 5 × 1 uniform k-points were employed. The thermal stability of monolayer LiFeSe was confirmed by performing spin-polarized ab initio molecular dynamics simulations using VASP. We simulated the canonical ensemble at two temperatures (300 K and 600 K) using a time step of 2 fs for more than 20 ps. The temperature was controlled by Nosé-Hoover thermostat whose Nosé-mass corresponds to a 40 time steps temperature oscillation period [22] [23] [24] [25] [26] . Simulation were carried out in a 4 × 4 supercell using the single (0.25,0.25,0) zone-average k point [27] .
To estimate the Curie temperature of monolayer LiFeX, a general Heisenberg J 1 -J 2 -J 3 model with magnetic anisotropy was used, which can be written as
where S i denotes the spin operator of site i. J 1 , J 2 , and J 3 denote the nearest neighbor (NN), second nearest neighbor (2NN) and third nearest neighbor (3NN) coupling strengths, respectively. a, b, and c represent the NN, 2NN and 3NN vectors, respectively. A is the single atom anisotropy coefficient. By computing the energy differences between distinct magnetic configurations through first-principles calculations, the parameters were determined to be: J 1 = −180meV, J 2 = −63meV, J 3 = 34meV, A = −0.2meV for monolayer LiFeSe, and J 1 = −193meV, J 2 = −63meV, J 3 = 36meV, A = −0.3meV for monolayer LiFeS. Under the random phase approximation [28] , normalized
